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Edited by Daniela RuﬀellAbstract Recent studies show that human Pnas4 might be tu-
mor associated, while its function remains unknown. Here, we
investigate the developmental function of Pnas4 using zebraﬁsh
as a model system. Knocking down Pnas4 causes gastrulation de-
fects with a shorter and broader axis, as well as a posteriorly
mis-positioned prechordal plate, due to the defective convergence
and extension movement. Conversely, over-expression of Pnas4
mRNA leads to an elongated body axis. We further demonstrate
that Pnas4 is required cell-autonomously for dorsal convergence
but not for anterior migration. In addition, genetic interaction
assays indicate that Pnas4 might act in parallel with non-canon-
icalWnt signal in the regulation of cell movement. Our data sug-
gest that Pnas4 is a key regulator of cell movement during
gastrulation.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The Pnas4 gene was previously identiﬁed as a putative apop-
tosis-related protein in human acute promyelocytic leukemia
cell line NB4. Recent evidence shows that Pnas4 is up-regu-
lated in human papillomavirus-infected invasive cervical can-
cer and androgen-independent prostate cancer [1,2]. In
addition, it is also up-regulated in peripheral blood mononu-
clear cells exposed to benzene which is an established cause
of leukemia [3]. These ﬁndings indicate Pnas4 might be linked
with tumor genesis and development. However, to date the
biological function of Pnas4 in these processes is still unclear.
It has been widely proven that the genesis of cancer often uses
similar mechanisms to embryogenesis, and aggressive tumor
cells share many behaviors with embryonic progenitors [4,5].
Furthermore, members of Pnas4 family of various organisms
share high homology of protein sequence, and all of them con-
tain a conserved DUF862 domain with unknown function,
suggesting Pnas4 may be functionally conserved. Considering*Corresponding authors. Fax: +86 28 85164047.
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doi:10.1016/j.febslet.2008.05.036this, we hypothesize that Pnas4 may also play an important
role in early vertebrate development.
Zebraﬁsh is an excellent model organism to study vertebrate
development and establish disease models. Reverse-genetic
approaches, especially the morpholino oligo knocking-down
technique, facilitate in vivo functional analysis of interesting
genes. To test our hypothesis, we used zebraﬁsh as a model
system to investigate the developmental function of Pnas4.
We show that Pnas4 is both maternally and zygotically ex-
pressed and is broadly distributed in early development.
Knocking-down zebraﬁsh Pnas4 (ZPnas4) protein expression
by ampliﬁcation of speciﬁc antisense morphorlino caused gas-
trulation defects, characterized by shorter and broader antero-
posterior (AP) axes. Over-expression of ZPnas4 mRNA leads
to the elongation of the AP axis. With in situ hybridization and
cell transplantation experiments, we demonstrated that these
phenotypes resulted from defective convergence and extension
movement. Furthermore, analysis of genetic interaction be-
tween ZPnas4 and non-canonicalWnt signal revealed that they
might act in parallel to regulate cell movement. These results
established a role for ZPnas4 in the control of cell movement
during gastrulation.2. Materials and methods
2.1. Zebraﬁsh maintenance
Wild-type embryos of the Tuebingen strain were used. Embryos
were obtained from natural mating and staged according to morphol-
ogy as described [6].2.2. DNA, RNA and antisense MO injections
Plasmids were puriﬁed with QIAGEN Plasmid Mini Kit, and in-
jected into embryos at one-cell stage. Capped sense RNAs encoding
full-length zebraﬁsh Pnas4 and xenopus Pnas4 were synthesized using
mMessage Machine system (Ambion). Antisense MOs (Gene-Tools)
targeted against the ZPnas4 transcript was designed to inhibit RNA
translation, and was obtained from Gene Tools. The sequences were
as follows: standard control-MO, 5 0CCTCTTACCTCAGTTACA-
ATTTATA3 0; ZPnas4-MO, 5 0CAGGATAACCGGCTCGTTTGC-
CATC 3 0; Wnt11-MO, 5 0GTTCCTGTATTCTGTCATGTCGCTC3 0.
MO or mRNA solution in Danieau buﬀer [7] was injected into zebra-
ﬁsh or xenopus embryos at one-cell stage.2.3. In situ hybridization
Whole-mount in situ hybridization was performed as described [8].
Antisense RNA probes for no tail (ntl) [9], Myod [10], groosecoid
(gsc) [11], paraxial protocadherin (Papc) [12] distal-less3 (dlx3) [13]
and hatching gland 1 (hgg1) [14] were synthesized with a digoxygenin
RNA labeling kit (Roche, Switzerland) according to the manufac-
turers instructions.blished by Elsevier B.V. All rights reserved.
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For migration behavior analysis of the ZPnas4-depleted cells, donor
cells from embryos injected with control-MO together with Rhoda-
mine-dextran (10000 MW, invitrogen) or ZPnas4-MO together with
FITC-dextran (10000 MW, invitrogen) were transplanted into wild-
type host embryos as described [15,16]. For analysis of cells with excess
level of ZPnas4 activity, donor embryos were injected with Rhoda-
mine-dextran alone or ZPnas4 mRNA together with FITC-dextran.
Both groups of the donor embryos were grown until shield stage. Then
about 10–30 cells from two embryos, one of each type, were sequen-
tially aspirated into a micropipette and transplanted simultaneously
into the deep cells of the shield or into the lateral germ ring of wild-
type shield stage hosts, as indicated by Fig. 6.Fig. 1. Isolation and characterization of zebraﬁsh Pnas4. (A) Multiple se
vertebrates.3. Results
3.1. Cloning and expression of zebraﬁsh Pnas4
In order to identify zebraﬁsh Pnas4, we queried the zebraﬁsh
protein data base with the human Pnas4 protein sequence. One
zebraﬁsh protein sequence (GenBank accession no:
NM_001003532) was identiﬁed that showed high homology
with the input sequence. The predicted protein encoded by zeb-
raﬁsh Pnas4 shares about 81% amino acid identity to human
Pnas4 and 86% to xenopus Pnas4 (XPnas4) (Fig. 1A). The
multiple sequence alignment revealed that Pnas4 is highly con-quence alignment and (B) phylogenetic analysis of Pnas4 protein in
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XPnas4 (Fig. 1B).
We investigated the spatiotemporal expression pattern of
ZPnas4 in zebraﬁsh embryos by whole-mount in situ hybrid-
ization. ZPnas4 transcripts were detected before the 1k cell
stage (Fig. 2A), suggesting that it is maternally loaded. At
the shield stage stronger staining was detected in the dorsal re-
gion (Fig. 2C); then Pnas4 transcripts were found in the whole
gastrula (Fig. 2E). At tail bud stage and 24 h post fertilization
(hpf), stronger staining was detected in the anterior structure
(Fig. 2F and G).
3.2. Knocking-down of ZPnas4 caused gastrulation defects
To investigate the function of ZPnas4 during zebraﬁsh
embryonic development, we blocked its expression by means
of antisense morpholino oligonucleotides against translational
initiation site of the targeted transcripts (ZPnas4-MO). Stan-
dard control morpholino (control-MO) was used as negative
control. Fig. 3A shows that both control-MO and ZPnas4-
MO had no eﬀect on the expression of GFP protein, but
ZPnas4-MO speciﬁcally inhibited the expression of ZPnas4-
GFP, suggesting that ZPnas4-MO was able to eﬃciently block
the translation of ZPnas4 in vivo.
Following injection of ZPnas4-MO, the earliest phenotype
occurred at the late gastrula stage. Embryos injected with
ZPnas4-MO displayed shorter and wider AP axis than con-
trol-MO injected ones. In addition, the prechordal plate was
vegetally mis-positioned (Fig. 3C, F and I). At somite stage,
the anterior structure seemed normal, while the elongation
and protrusion of the tail bud was inhibited in ZPnas4-MO-in-
jected embryos (data not shown), which in turn led to ventrally
curved tails at 2 days post fertilization (dpf) (Fig. 3L–N). We
quantiﬁed the phenotypes induced byZPnas4-MO according
to the severity of the tail defects. As shown in Fig. 3O, both
severity and penetrance of the phenotypes increased with the
dosage of ZPnas4-MO.
To verify that these phenotypes produced by the injection of
ZPnas4-MO were the result of the depletion of ZPnas4 but not
non-speciﬁc eﬀects, we performed rescue experiments using
XPnas4mRNAwhich did not contain theZPnas4-MO targetedFig. 2. Expression pattern of Pnas4 in zebraﬁsh embryos. Whole-mount in si
shield (C), 70% epiboly (E), tail-bud (F) and 24 hpf (G) stages. (D) shield-stag
dorsal to the right; (G) lateral views with anterior to the left.sequence. Co-injection of XPnas4 mRNA with ZPnas4-MO
could eﬃciently suppress theZPnas4-MO phenotype, as judged
by the reduction of embryos with gastrulation and tail defects.
(Fig. 3D, G, J and O). The results demonstrated that introduc-
tion of exogenous Pnas4 activity can compromise the eﬀect of
injection of ZPnas4-MO, which supported the notion that
ZPnas4-MO speciﬁcally impairs endogenous ZPnas4 activity.
3.3. Over-expression of ZPnas4 led to an elongated body axis
To complement our analysis of phenotypes induced by the
inhibition of ZPnas4 activity, we investigated the consequences
of increased levels of ZPnas4 by injection of ZPnas4 mRNA.
At tail bud stage, embryos that received ectopic ZPnas4
mRNA exhibited elongated animal-vegetal (AV) and nar-
rowed mediolateral (ML) axis. The AV/ML ratio of ZPnas4-
mRNA-injected embryos was signiﬁcantly increased
(1.41 ± 0.05) compared with GFP-mRNA-injected embryos
(1.17 ± 0.05). The phenotype of ZPnas4 over-expression be-
came more dramatic during somitogenesis, with the somites
expanded mediolaterally (Fig. 4B and D). The penetrance of
the elongated body axis phenotype depended on the dose of
ZPnas4 mRNA (Fig. 4G). In comparison, embryos injected
with the same dose of GFP mRNA were normal in morphol-
ogy. When 4 ng ZPnas4-MO with 80pg ZPnas4 mRNA was
coinjected, the percentage of injected embryos exhibiting AP
axis elongation at tail-bud stage was signiﬁcantly reduced
(Fig. 4G). This result provided another line of evidence that
ZPnas4-MO does functionally block the translation of ZPnas4
mRNA and further demonstrated the speciﬁcity of the pheno-
type produced by ZPnas4 mRNA injection was the result of
activation of ZPnas4 signaling. Taken together, these results
indicate that Pnas4 protein levels must be maintained within
a deﬁned range, as under- or over-expression causes gastrula-
tion defects.
3.4. Loss or gain of function of ZPnas4 altered the expression
pattern of marker genes
To further characterize gastrulation defects caused by inhibi-
tion or activation of ZPnas4, we examined the expression of a
variety of marker genes in ZPnas4 morphants by whole-mounttu hybridization with Pnas4 anti-sense probe at two-cell (A), dome (B),
e embryo hybridized with control sense probe. (A–E) Lateral views with
Fig. 3. Inhibition of ZPnas4 leads to gastrulation defects. (A) Western blot analysis of the inhibition of ZPnas4-GFP translation by ZPnas4-MO,
using anti-GFP antibody. (B–G) lateral view and (H–J) dorsal view of living embryos at tail bud stage. The AP axial length was highlighted with
arrow head and asterisk. (K–N) Range of phenotypes at 2 dpf induced by injection of ZPnas4-MO, lateral view. (O) Quantiﬁcation of ZPnas4-MO
morphant and mRNA rescue phenotype.
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the neural plate, marked by dlx3, became narrow due to the
convergent movement of the ectoderm. However, the neural
plate was much broader in ZPnas4-MO-injected embryos at
the same stage (73.9%, n = 23, Fig. 5E and H). The anteriorFig. 4. Over-expression of ZPnas4 mRNA promotes body axis elongation. O
D, F) injected embryos. (A, B, E, F) lateral views, and (C, D) dorsal views. N
axis than control embryos. Arrow highlighted the expanded somite in ZPnas4
gradient dose of ZPnas mRNA.end of prechordal plate, the polster, which is marked with
hgg1, had migrated to the tip of the head (delimited by the
dlx3 domain) in wild-type, but not in ZPnas4-MO-injected em-
bryos whose polster was positioned more vegetally and within
the anterior edge of the neural plate. Analogously, the expres-ne somite stage living GFP mRNA (A, C, E) and ZPnas 4 mRNA (B,
ote that ZPnas4 mRNA injected embryos display more elongated body
mRNA injected embryo. (G) Quantiﬁcation of phenotype produced by
Fig. 5. In situ hybridization analysis of a variety of marker genes in
ZPnas4 morphant embryos. (A–C) Lateral views of tail bud stage
living wild-type (A), ZPnas4-MO (B) and ZPnas4 mRNA (C)
embryos. The ZPnas4-MO injected embryo (B) shows shorter AP
body axes, while ZPnas4 mRNA injected embryo (C) shows longer
body axes as compared to wild-type embryo. (D–F, M–R) dorsal
views, (G–I) animal pole views, and (J–L) lateral views of tail-bud
stage wild-type, ZPnas4-MO and ZPnas4-mRNA-injected embryos
labeled with a variety of marker genes which were indicated at the left
of each panel. Changes of the expression pattern of those marker genes
were indicated with arrow or arrow head, and described in detail in the
text.
Fig. 6. ZPnas4 cell-autonomously controls the convergence but not
the anterior migration. (A, B) Schematic diagram of cell transplanta-
tion procedure. (A) Prechordal mesendodermal (PCME) cells from a
normal control donor (red), and PCME cells from a donor received
ZPnas4-MO or ZPnas4 mRNA (green) were transplanted into the
inner domain of the shield of a wild-type host. (B) Lateral mesendo-
dermal (LME) cells from a control donor (red) and a donor received
ZPnas4-MO or ZPnas4-mRNA (green) were transplanted into the
lateral side of a wild-type host at shield stage. (C) Wild-type host
embryo received PCME cells from a control and ZPnas4-MO-injected
donor, dorsal to the right. After transplantation, control PCME cells
and ZPnas4-depletion PCME cells migrate anteriorly, and are
restricted in the prechordal plate at tail bud stage. (D) Wild-type host
embryo received LME cells from a control and ZPnas4-MO-injected
donor, dorsal to the right. Cells of both groups migrate dorsally and
radiately to become an arc line parallel with the notochord at tail-bud
stage. However, ZPnas4-depleted cells show less dorsal convergence.
(E, F) Wild-type host embryo received PCME or LME cells from a
control and ZPnas4-mRNA-injected donor, dorsal to the right. PCME
cells and LME cell from both the control and ZPnas4-mRNA-injected
donor migrate in a similar manner. These data are representative of
three separate experiments.
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positioned in ZPnas4-MO-injected embryos (56.3%, n = 32,
Fig. 5K). In addition, the expression domain of ntl in the pos-
terior axial mesendoderm was shorter but wider in ZPnas4-
MO-injected embryos (Fig. 5E). It was also apparent that
injection of ZPnas4-MO resulted in less convergence andextension of the paraxial and lateral mesoderm, as evident
from the expression pattern alternation of myoD (62.8%,
n = 43, Fig. 5N) and papc (67.9%, n = 53, Fig. 5Q) respectively.
At the same time, we further examined the expression of these
marker genes in embryos with increased level of Pnas4 activity.
In ZPnas4-mRNA-injected embryos, the expression domain of
gsc (n = 34, Fig. 5L) and hgg1 (n = 32, Fig. 5I) was normal.
However, the expression domain of ntl (65.6%, n = 32, Fig.
5F), myoD (76.5%, n = 34, Fig. 5O) and papc (67.3%, n = 49,
Fig. 5R) became longer in AP axis, (Fig. 5F, I and L). Addi-
tionally, dlx3, myoD and papc expression domains showed less
convergence in ZPnas4-mRNA-injected embryos. Consistent
2330 S. Yao et al. / FEBS Letters 582 (2008) 2325–2332with this, we had observed that somites were expanded medi-
olaterally in embryos that received ectopic ZPnas4 mRNA
(Fig. 2D). Taken together, over-expression of Pnas4 promotes
extension and suppresses convergence, while inhibition sup-
presses both convergence and extension, suggesting that prop-
er Pnas4 activity is critical for the coordination of convergence
and extension.
3.5. ZPnas4 cell-autonomously controls convergence but not the
anterior migration
Depending on the position within the gastrula, cells exhibit
diﬀerent movements under the control of diﬀerent cellular
and molecular mechanisms [17]. Prechordal plate precursors
appear to actively migrate and might be independent of con-
vergence and extension movements, which was supported by
the phenotypic analysis of the nodal [18,19] and stat3 [20–22]
signal mutants. To further characterize functions of ZPnas4
in anterior migration and convergent extension, we performed
cell transplantation assays to analyze these migration behav-
iors of cells with under- or over-expression of ZPnas4. Pre-
chordal mesendodermal (PCME) cells from the shield of
ZPnas4-MO-injected embryos and control-MO-injected em-
bryos were co-transplanted deeply into the shield of a wild-
type host embryo (Fig. 6A). Following transplantation, these
PCME cells, either from ZPnas4-MO or control-MO-injected
donors, migrated anteriorly. We took time lapse observations
and found no diﬀerences between the migration velocity of
ZPnas4-MO and control-MO donor cells, and all the cells were
restricted in the prechordal plate at the end of gastrulation
(n = 13, Fig. 6C). Next, we thought to examine the eﬀects of
Pnas4 depletion on the migration ability of lateral mesodermal
(LME) cells (Fig. 6B). After cell transplantation, all the donor
LME cells began to converge towards the dorsal side. How-
ever, in a signiﬁcant proportion of transplanted embryos
(65.3%, n = 23 and Table 1), the ZPnas4-depleted cells showed
reduced dorsal migration (Fig. 6D). Thus, these data demon-
strated that depletion of ZPnas4 activity cell-autonomously
inhibits convergence, but not the anterior migration.
In addition, we also tested these migration behaviors of cells
received ectopic ZPnas4 mRNA. However, neither anterior
(n = 18) nor dorsal migration (n = 22) was aﬀected by excess
ZPnas4 activity, revealing that the inhibition of convergence
by excess ZPnas4 activity was a non-autonomous eﬀect.
3.6. ZPnas4 acts in parallel with non-canonical Wnt pathway
The non-canonical Wnt signaling pathway is conserved in
many species to mediate mediolateral cell polarization and
migration [23,24]. In zebraﬁsh, both the convergent and exten-
sion movements are disrupted when non-canonicalWnt signal-Table 1
ZPnas4-depleted cells show less convergence than control cells
Transplantation n Normal convergence Reduced convergence
1 4 1 3
2 11 4 7
3 8 3 5
Total 23 8 15
Normal or reduced convergence of the ZPnas4-depleted cells was
judged form their relative position to control cells at tail-bud to 1
somite stage. Data were obtained from three independent experiments.ing is disturbed. Similarly, inhibition of Pnas4 signaling
suppressed both the convergent and extension movement.
And the morphological change in embryos injected with
ZPnas4-MO at the tail-bud stage resembles the phenotype
resulting from non-canonical Wnt signaling disruption. So it
is meaningful to address the genetic interaction between
ZPnas4 and non-canonical Wnt signaling.
We ﬁrst examined if there is any alternation of ZPnas4
mRNA expression in embryos injected with Wnt11 mRNA
to activate non-canonical Wnt signaling. However, the tran-
scription of ZPnas4 was not altered by injection of a high dose
of Wnt11 mRNA (two times more than the dose that was able
to induce the gastrulation defects) (data not shown), revealing
that ZPnas4 transcription was independent of the non-canon-
ical Wnt activity. Then, we addressed whether ZPnas4 could
modulate Wnt11 signaling during gastrulation. We injected
ZPnas4 mRNA or ZPnas4 MO in embryos that received
8 ng Wnt11 MO previously shown to speciﬁcally inhibit
Wnt11 function. However, neither various levels of excess
nor deﬁcit of ZPnas4 activity could suppress the gastrulation
defect in Wnt11-MO injected embryos. Rather, both perturba-
tions of ZPnas4 activity enhanced theWnt11 depletion pheno-
type (Fig. 7). Similarly, neither inhibition nor activation of
ZPnas4 could suppress the Wnt11 over-expression phenotype
(data not shown). Therefore, it is likely that ZPnas4 acts in
parallel with non-canonical Wnt signaling in the regulation
of cell movement.4. Discussion
In this study, we investigate the function of ZPnas4 during
zebraﬁsh embryogenesis. Our results reveal that ZPnas4 regu-
lates convergence and extension during gastrulation. We dem-
onstrate that ZPnas4 acts autonomously to promote dorsal
migration of the lateral cells but is not required within prechor-
dal plate precursors to mediate anterior migration. Thus, our
data clearly established that ZPnas4 is essential for the regula-
tion of cell movement.
During gastrulaion, the body plan is established through cell
fate speciﬁcation of diﬀerent domains and a series of morpho-
genetic movements which were mainly driven by convergence
and extension [25–27]. In zebraﬁsh, the lateral tissues converge
dorsally by directed migration at an increasing speed as they
migrate closer to the notochord. While the axial and adjacent
axial tissues engage in mediolateral intercalations to achieve
strong extension movements [27–29]. Inhibition of ZPnas4
simultaneously suppresses convergence and extension, suggest-
ing ZPnas4 activity is required within both lateral and dorsal
regions. However, activation of ZPnas4 promotes extension
but suppresses convergence. The discordant response of con-
vergence and extension to under- or over-expression of Pnas4
led us to propose that the function of Pnas4 is complicated and
varies within lateral and dorsal regions. The non-autonomous
suppression of convergence by over-expression of ZPnas4
might be the result of the defects in extra-cellular factors, for
instance the extra-cellular chemotatic factors derived from
the dorsal region.
The expression of human Pnas4 had been shown to be up-
regulated in peripheral blood mononuclear cells exposed to
carcinogenic agent [3], as well as malignant tumors such as
invasive cervical cancers and androgen-independent prostate
Fig. 7. Genetic interaction betweenWnt11 and ZPnas4. (A) Lateral views of tail bud stage living embryos, the treatments of embryos were indicated
on the top of each panel. The distance between anterior and posterior structure is highlighted with arrow head and asterisk and the width of the
notochord is indicated with arrows. (B) Lateral views of living embyos at 24 hpf. Note that either activation or inhibition of ZPnas4 signiﬁcantly
reduced the posterior structure in Wnt11 morphant embryos.
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mor genesis and progression to malignancy. We observed that
over-expression could induce S-phase arrest in several types of
tumor cells and thus inhibit their proliferation (unpublished
data). In fact, cell division and cell cycle are key parameters
in the regulation of gastrulation movement. In xenopus, con-
comitant with the onset of convergent extension, cells of the
dorsal mesoderm stop dividing [30,31] and artiﬁcial increment
of the mitotic index will lead to the failure of convergence and
extension [32–35]. For instance, morpholino-mediated deple-
tion of Wee2, which is a kinase that prevents cell cycle progres-
sion by phosphorylating and thus inhibiting the activity of the
Cdks, results in the failure of convergent extension. Further-
more, similar defects are observed if the cell cycle is inappro-
priately advanced by introducing Cdc25, antagonist of the
Wee kinases, or constitutive active form of Cdk2 [34]. Given
that tumor cells share many characteristics with embryonic
progenitors, it is reasonable to further test that the abnormal
cell cycle regulation might contribute to the improper conver-
gence and extension induced by under- or over-expression ofPnas4 and that Pnas4 might be involved in similar mechanism
during metastasis of invasive cancers.
In summary, we reported for the ﬁrst time the developmental
function of a novel gene, Pnas4. Either under- or over-expres-
sion of Pnas4 leads to gastrulation defects. We systematically
investigated the embryonic phenotype and demonstrated that
Pnas4 controls gastrulation mainly by the regulation of cell
movements. In addition to expanding our understanding of
the mechanisms regulating gastrulation movement, these data
suggested that Pnas4 might be involved in other events linked
with cell migration, including the subsequent developmental
processes and tumor metastasis.
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